The athlete outfit plays a vital role in wide range of sports especially in high speed sports including cycling, skiing, bobsleigh, sprint, speed skating and swimming as small time margins in those sports makes a difference between the winner and loser. Performance of the sportswear greatly depends on aerodynamic or hydrodynamic, thermodynamic properties, including the fitting of the sportswear to the athlete body. Development of a high performance sportswear is not only expensive but also time consuming. Therefore, a computer aided rapid prototyping process for manufacturing of high performance sportswear can save both time and money. In order to rapid prototype sportswear, modern computer technology can be utilized. This paper describes a methodology starting from the 3D scanning of an athlete body to a prototype design of high performance sportswear. In this study, rapid prototyping of a high performance ski jumping suit has been described.
Introduction
The suitability of materials for sports applications, including textiles for sportswear, must meet a range of performance parameters for the specific sport. Therefore, the minimisation of detrimental effects of sportswear on sporting performance is becoming an important aspect of sports technology and product design. The demands on sportswear design for high performance in static or dynamic sports and particularly those associated with aerodynamic or hydrodynamic resistance and its associated energy loss during the sporting action and thermodynamic properties of fabric materials (e.g., thermal comfort), extend the conventional design methodology of synthesis, form, and function to new requirements for quantitative understandings of materials performance, textile construction and surface texture [1] [2] [3] [4] [5] . Therefore, garment design and its engineering modelling requires detailed information on the textile and surface physics of the materials about the aerodynamic or hydrodynamic and thermal behaviour. Strangwood [1] mentioned that the close interplay of design and sports materials science brought about by engineering modelling is only as good as the data on which it is based. There have been a series of research studies over the last two decades progressively identifying reductions of aerodynamic drag in sports garments. Chowdhury et al. [2] showed that standard cylinder testing can be used for the evaluation of aerodynamic properties and the flow transition behaviour of sports fabrics and garments. The studies have extensively reviewed both the exercise protocols and the factors that influence performance where aerodynamic resistance was considered in terms of both sports equipment and athlete body position [3] .
A number of factors have been identified by prior studies [2, 4, 5] that can contribute to the aerodynamic or hydrodynamic efficiency of athletes in speed sports. Some factors are: a) athlete's body positions during the activity, b) sport equipment and/or accessories used in sporting event, and c) sportswear. There are several factors that can affect the aerodynamic and thermal characteristics of sportswear. These factors are: fabric properties (e.g., surface roughness, air permeability) and garment construction parameters (e.g., pattern design, seam or fastener configuration). The prominence of the seam (position and size) has effect on aerodynamic or hydrodynamic drag and lift as it can change flow regime locally [4] . The study by Kyle et al. [5] revealed that the reduction of aerodynamic drag of bicycle racing sportswear is possible by using different fabrics in different zones of the body parts.
The selection of proper material as well as fitting of the sportswear plays important role for enhancing performance. Accurate measurement of the athlete's body is also important to manufacture high performance sportswear. D'Apuzzo mentioned various technologies of 3D scanning of human body [6] . He also described several applications of 3D scanning including the fashion industry. Due to varied anthropometric dimensions of human body, it is extremely difficult to design and develop commercial sportswear with appropriate individual fit. With the recent progress of 3D imaging systems, it is now suitable to use rapid prototyping of commercial sportswear utilising an individual athlete's anthropometric dimensions, thus eliminating the geographic distance between the sportswear developer and the athlete's physical location. In order to optimally develop sportswear for the specific speed sport, aerodynamic or hydrodynamic advantages and 3D scanned physical parameters of individual athlete need to be incorporated in the final prototype design. Proper material selection with correct fitting (looseness/tightness) incorporating thermal comfort can be integrated into the sportswear using modern computer technology. Limited research has been undertaken and documented in this regard. Therefore, the primary objective of this paper is to design a methodology of rapid prototyping sportswear for various sports.
Methodology
In order to make a high performance sportswear, several processes are required to be performed. These processes are:
3D scanning of the athlete body Designing of basic building block Digital prototyping and virtual garment simulation Material testing and selection Pattern cutting and assembling Prototype testing
3D scanning of the athlete body
Fitting of the sportswear is most important for the high performance of athletes for various speed sports. Chowdhury et al. [7] has demonstrated that fitting of ski jumping suits correlates with aerodynamic performance with a full scale wind tunnel testing. Therefore, sportswear must be made according to the body measurement of the athlete for better performance during the sporting event. 3D scanning of human body can provide digital information that can be used not only for body measurement but also for other applications (e.g., CFD analysis, digital garment simulation).
In the last two decades, the methods and techniques for the digitization of the human body have become more efficient and powerful, and new software tools have been introduced for more efficient use of the resulting data. A number of different scanning systems profiled themselves more clearly for specific application fields. Moreover, with the possibility of a massive cost reduction given by new technologies, human body digitization became interesting to various fields of application, such as animation, computer games, art, sculpture, ergonomics, medicine, cosmetics, biometry and fashion [6] . In this study, NX-16 scanner (made by [TC] 2 , USA) [6] was used to scan a full scale ski jumper. The scanner is an autonomous 3D body scanner that uses white-light scanning technology with accuracy less than 1 mm. It takes 8 seconds to complete the scan with the scan volume of 2 m height 1.2 m width 0.7 m depth. The data resulting from a full body scanner is usually in form of a 3D surface model representing the scanned person. It has automatic data processing software that can be used not only to obtain numerous automatic measurements but also to generate a digital model for virtual garment simulation and online applications. Figure 1(a) shows the 3D Model of the scanned ski jumper.
Designing of basic building block
Generally, sportswear is made of multiple pieces or panels of fabric that are joined together by using seams or fasteners (e.g., zipper, buttons). These panels are called the basic building blocks or patterns. Sportswear can have different sizes and shapes of patterns which depend on the design and type of the sportswear. CAD software tools can be used to design patterns for various sportswears. GRAFIS software was used to design the patterns for the ski jumping suit based on the 3D body measurement of the ski jumper. Figure 1(b) shows the basic building blocks or patterns for the ski jumping prototype suit. GRAFIS also generates the digital file that can be exported to other CAD software (e.g., OptiTex) for digital prototyping. 
Digital prototyping and virtual garment simulation
Digital prototyping gives a conceptual design and the ability to virtually explore a complete product using computer technology before the product is built physically. Designers usually use digital prototyping to design, iterate, optimize, validate and visualize their products digitally throughout the product development process. By using digital prototyping, small number of physical prototypes is needed to validate the design and to test a broader range of product's performance with high accuracy. Thus, it saves both time and money. Virtual simulation of garments has gained importance in the last few years in different areas of the fashion industry. Using specialized CAD software (e.g., OptiTex) it is possible to simulate digitally the behaviour of textiles on the human body.
As mentioned earlier, the basic building blocks or patterns designed with GRAFIS can be exported to other CAD software (e.g., OptiTex) for digital prototyping and simulation. The patterns designed for the ski jumping prototype suit were used to generate a virtual model of the suit. The 3D suit model was then simulated with 3D model of the ski jumper for analyzing the fitting of the suit as shown in Figure 2(a) . Figure 2 (a) shows virtual garments simulation for ski jumping suit. In this way, they allow a virtual probe of cloth items onto digital human body models. 3D cloth simulation software is employed to determine precisely how the cloth item may behave on the digital body model. As mentioned earlier, the different parts of textile defining a piece of cloth are described as 2D patterns (see Figure 1b) . Each part is initially specified by the required characteristics of textile (e.g., thickness, elasticity) and all parts are then placed in a 3D environment around a digital human body model as shown in Figure 2 (a) and then stitched together around the 3D body model. The 3D cloth simulation software will then determine the behaviour of the so formed cloth item over the human body model. Additional analysis tools can also be utilized for tension analysis. OptiTex software was used to import 3D body scan data in digital file format and simulate different body positions of the 3D model of the ski jumper. Additionally, motion information was also imported to simulate the behaviour of the textile dynamically on the moving body model as shown in Figure 2 
Material testing and selection
It is most important to select suitable material for the sportswear for specific sports. The property of the material, especially the surface roughness and permeability, influence the aerodynamic and thermodynamic properties. Therefore, material selection must be performed considering the characteristics of the sport. For example, a ski jumping suit is designed primarily based on the aerodynamic performance rather than the thermal comfort as the duration of the sport is very short (less than 5 seconds) [8, 9] . On the other hand, road race cycling has a longer duration [10] . Therefore, the selection of the suit material must be based on the thermal comfort as well as the aerodynamic performance.
Chowdhury et al. [2, 3] developed a methodology using a standard cylinder to test sport fabric for the aerodynamic performance evaluation. It helps to select the aerodynamically efficient material for highspeed sportswear. The methodology consists of a cylinder that can be positioned in different inclined angle as shown in Figure 3(a) . The sportswear material can be tested for the aerodynamic properties using the methodology. Materials are wrapped over the cylinder and tested in the wind tunnel environment to measure the aerodynamic properties. Body parts covered by fabrics can influence the aerodynamic behaviour by altering the air flow characteristics without affecting the body position. The air flow characteristics can also be influenced by the varying angles of attack. As an example, a decomposition of a sprinter's body representation is shown in Figure 3(b) . The breakdown of individual body parts clearly illustrates that these parts can be treated as multiple cylinders with varied dimensions and positions (angle of attack from 0° to 180°). Thus, the aerodynamic characteristics of these cylindrical body parts can readily be evaluated in wind tunnel testing over a range of angles of attack representing real life body positions in sporting actions. For the high performance ski jumping suit, the different materials were tested using this articulated cylinder methodology and compared for the aerodynamic efficiency. This methodology eliminates the full scale wind tunnel testing of sportswear. Thus, the testing time and cost can be minimized as full scale wind tunnel testing is not only expensive but also time consuming. The selection of optimal parameters of the high performance sportswear, cylinder methodology is important during the initial design stage. Understanding the drag and lift behaviour as a function of material surface morphology would lead to the reduction of aerodynamic drag and maximizing the aerodynamic lift depending on body configurations and the angle of attack of the body parts. Also the production cost of a newly manufactured aerodynamically efficient sportswear can be minimized as less expenditure will be required for evaluating the parameters by using fewer amounts of test materials with less time.
Pattern cutting and assembling
A digital pattern cutter is a computer controlled cutting machine that is used to cut the designed patterns for the sportswear. The finished pattern pieces can also be plotted on all modern plotters and printers. Additionally, full size pattern pieces can be cut by using digital cutter from fabric sheets. Professional sewing machine is used to assemble the patterns to manufacture the prototype suits.
Prototype testing
Finally, the prototype suit was tested with the real ski jumper and compared with a tailor made suit for the same athlete. Table 1 shows the summary of the comparison. 
Concluding Remarks
The rapid prototyping allows reducing design to production time, and material wastage. It also provides slightly better aerodynamic advantages. The method described in this paper can be used to manufacture high performance sportswear in all speed sports including ski-jumping, downhill skiing, cycling, swimming, sprint and speed-skating.
